Ca may interfere with fat and cholesterol metabolism through formation of insoluble soaps with fatty and bile acids in the intestine. In the present study, we examined the effects of different dietary Ca levels on the serum lipid profile and cholesterol metabolism in obese Zucker rats fed a low-fat diet. We also tested whether dietary Ca interfered with the lipid-lowering effects of a pine oil-derived plant sterol mixture. Increase in dietary Ca intake from 0·2 to 0·8 %, and further to 2·1 % (w/w) dose-dependently decreased serum total cholesterol (r 20·565, P¼0·002, n 27), LDL-cholesterol (r 20·538, P¼0·006, n 25), and triacylglycerol (r 20·484, P¼0·014, n 25) concentrations, and increased HDL-cholesterol (r 0·478, P¼0·016, n 25) and HDL : LDL cholesterol (r 0·672, P,0·001, n 25) in rats fed a 1 % cholesterol diet. Analysis of serum campesterol : cholesterol and sitosterol : cholesterol suggested that Ca dose-dependently increased intestinal cholesterol absorption (r 0·913, P,0·001, n 18), whereas serum desmosterol : cholesterol and lathosterol : cholesterol indicated that Ca dose-dependently increased endogenous cholesterol synthesis (r 0·691, P¼0·003, n 18). Therefore, the decrease of serum LDL-cholesterol appeared to be due to Ca-induced increase in the conversion of cholesterol to bile acids. The increase in Ca intake did not interfere with the beneficial effects of plant sterols on serum total cholesterol, LDL-cholesterol and HDL-cholesterol concentrations. The high-Ca diet with plant sterol supplementation further increased the HDL-cholesterol concentration and HDL : LDL cholesterol. The present findings indicate that the beneficial effects of dietary Ca on the serum lipid profile during a low-fat diet are dose-dependent, and resemble those of bile acid sequestrants. Increased dietary Ca did not impede the lipid-lowering effects of natural plant sterols.
Increased dietary intake of Ca is currently recommended for the general population to lower the risk of hypertension and osteoporosis (Kotchen & McCarron, 1998; Krauss et al. 2000) . Some previous studies have indicated that dietary Ca supplementation also lowers serum cholesterol (Yacowitz et al. 1965; Denke et al. 1993; Denke & Grundy, 1995) . The mechanism is somewhat unclear, but it has been suggested that Ca decreases the absorption of dietary cholesterol by forming non-absorbable chelates with fatty acids and/or bile acids (Yacowitz et al. 1965; Saunders et al. 1988; Denke et al. 1993; Denke & Grundy, 1995; Holt, 1999) . It is also postulated that saturated fatty acids increase serum cholesterol by inhibiting the receptormediated uptake of LDL into the liver (Kris-Etherton et al. 1988; Grundy & Denke, 1990) . The lipid-lowering effect of Ca may thus also be linked to changes in cholesterol uptake and metabolism in the liver.
Increasing the intake of plant sterols is another dietary approach to lowering the risk of cardiovascular diseases (Ikeda & Sugano, 1998) . Sitostanol, the saturated derivative of the most common plant sterol, b-sitosterol, has produced a moderate lowering of circulating cholesterol levels in most trials in patients with mild hypercholesterolaemia (Nguyen, 1999; Law, 2000) . Both sitostanol and b-sitosterol are believed to lower serum cholesterol mainly extrinsically by competing with cholesterol for micellar solubilization and, thus, blocking cholesterol absorption from the intestinal lumen (Ikeda & Sugano, 1998; Nguyen, 1999; Law, 2000) . However, owing to the reactive increase of cholesterol synthesis in the liver, only mild lowering of serum cholesterol by plant sterols is achieved (Ikeda & Sugano, 1998; Nguyen, 1999; Law, 2000) .
Previously, we showed that (1) a 'human-like' serum lipid profile could be induced in the obese Zucker rat by increasing the dietary intake of cholesterol and saturated fat; (2) plant sterol supplementation partly counteracted this diet-induced increase in serum total and LDL cholesterol; (3) dietary Ca and Mg but not Na and K supplementation was able to augment the effect of the plant sterols (Vaskonen et al. 2001) .
In the present study, we used the same animal model for a more thorough examination of the effects and interactions of dietary cholesterol, plant sterols and Ca during a low-fat diet. In particular, Ca was given in three different dietary levels to evaluate dose -response relationships. Its effects of intestinal cholesterol absorption and endogenous cholesterol synthesis were estimated by measuring the serum concentrations of plant sterols and two cholesterol precursors. We also investigated whether dietary Ca interfered with the lipid-lowering effects of natural plant sterols.
Methods

Experimental animals, diets and sample preparation
Ninety-seven female 6-9-week-old obese Zucker rats (Harlan, Oxon., England) were used. Three animals were housed per cage in an animal laboratory (illuminated from 06.30 to 18.30 hours, room temperature 22 -248C). The procedures and protocols of the study were in accord with our institutional guidelines and were approved by the Animal Experimentation Committee of the Institute of Biomedicine, University of Helsinki, Finland.
The experimental diets used in the present study were produced by adding cholesterol (Sigma, St Louis, MO, USA), CaCl 2 (University Pharmacy, Helsinki, Finland), CaCO 3 (University Pharmacy) and a pine oil-derived plant sterol mixture to a commercial rat chow (Altromin Spezial Diät C1031; Altromin GmbH, Lage, Germany). The plant sterol mixture was kindly provided by Mr Matti Hautala of UPM-Kymmene, Lappeenranta, Finland. The chemical composition of the powder (w/w) was as follows: sitosterol 79·2 %, sitostanol 11·4 %, campesterol 7·5 %, campestanol 1·2 %, cycloartenolol 0·5 % and d-7-avenasterol 0·2 %. The different components were mixed with powdered rat chow and moistened with water, using an industrial dough mixer. The chow preparations were then packed in 1 d portions and stored at 2208C. Experiment 1. The effect of increasing amounts of dietary cholesterol ranging from 0 to 4 % (w/w) on serum cholesterol was examined. Rats matched for body weight and serum cholesterol (eight rats in each group) were divided into five groups to receive the following diets for 2 weeks: (1) low-cholesterol control diet; (2) 0·5 % cholesterol diet; (3) 1·0 % cholesterol diet; (4) 2·0 % cholesterol diet; (5) 4·0 % cholesterol diet.
Experiment 2. The effect of increasing amounts of dietary plant sterols ranging from 0 to 4 % (w/w) on serum cholesterol was examined. The same animals that were used in experiment 1 were used. After a 2-week washout period (all rats on low-cholesterol control diet), the rats matched for body weight and serum cholesterol (six or seven rats in each group) were divided into six groups to receive the following diets for 4 weeks: (1) low-cholesterol control diet; (2) 1·0 % cholesterol diet; (3) 1·0 % cholesterol diet supplemented with 0·5 % plant sterols; (4) 1·0 % cholesterol diet supplemented with 1·0 % plant sterols; (5) 1·0 % cholesterol diet supplemented with 2·0 % plant sterols; (6) 1·0 % cholesterol diet supplemented with 4·0 % plant sterols.
Experiment 3. The effect of dietary Ca level on serum cholesterol was examined in rats receiving the 1·0 % cholesterol diet. The rats matched for body weight and serum cholesterol (eight or nine rats in each group) were divided into three groups to receive the following diets for 8 weeks: (1) low-Ca diet (Ca 0·2 % w/w); (2) moderate-Ca diet (Ca 0·8 % w/w); (3) high-Ca diet (Ca 2·1 % w/w).
Experiment 4. The influence of dietary Ca level on the effects of plant sterols were examined in rats receiving the 1·0 % cholesterol diet. The rats matched for body weight and serum cholesterol (seven or eight rats in each group) were divided into four groups to receive the following diets for 8 weeks: (1) low-Ca diet (Ca 0·2 % w/w); (2) low-Ca (Ca 0·2 % w/w) plus plant sterols (1·0 % w/w) diet; (3) high-Ca diet (Ca 2·1 % w/w); (4) high-Ca (Ca 2·1 % w/w) plus plant sterols (1·0 % w/w) diet.
The rats had free access to the food and tap water at all times. Blood samples from a superficial vein of the foot were taken for serum cholesterol measurements during the experiments. The general well-being of the animals was checked daily, and they were weighed once a week. At the end of the experiments, the rats were killed by decapitation. Blood samples were taken into two chilled tubes on ice. The whole-blood samples were stored at 2208C and the serum samples at 2808C until assayed. In experiment 2, the heart, kidneys, liver, spleen, uterus, ovaries and brain were dissected, washed with ice-cold saline, blotted dry and weighed for evaluation of possible toxic effects of the natural plant sterol mixture that was used in all the experiments.
Biochemical measurements
Serum cholesterol was measured during the experiments using an automatic analyser (Reflotronw; Boehringer Mannheim, Germany). Serum lipids from the samples taken at the end of the experiments were analysed by an accredited laboratory, United Laboratories Ltd., Helsinki, Finland (Hitachi 912 Automatic Analyzer; Hitachi Ltd., Tokyo, Japan). An excellent correlation in serum cholesterol between the Reflotron and standard laboratory measurements was found (r 0·951, P,0·001, n 64). The blood count was also analysed by this same laboratory. The concentrations of serum non-cholesterol sterols were analysed by GC-MS using a Hewlett-Packard 5890 GC device equipped with an NB-54 fused-silica capillary column (15 m £ 0·20 mm i.d.; Nordion, Helsinki, Finland) and interfaced with a Hewlett-Packard 5970A MS detector operating in electron impact mode (70 eV). The column oven was programmed from 2308C to 2858C at 108C/min and injector and detector were at 2858C. The lipids from serum samples (200 ml) were extracted with chloroform -methanol (2 : 1) and transesterified with sodium methoxide. The released free sterols were trimethylsilylated (Gylling et al. 1999) and were quantified by the single ion monitoring technique using m/z 129 (cholesterol, campesterol and b-sistosterol), m/z 217 (b-sitostanol), m/z 343 (desmosterol), m/z 255 (lathosterol) and m/z 217 (5-a-cholestane, internal standard) as selected ions.
Statistics
Data for dose -response relationships were analysed by calculating Pearson correlation coefficients, followed by a two-tailed significance test. Between-group comparisons were carried out by one-way ANOVA supported by the Fisher's least significant difference test. Differences between means that had a value of P,0·05 were considered significant. The data were analysed with SYSTAT Statistical Software (SYSTAT Inc., Evanston, IL, USA). The results are expressed as means with their standard errors.
Results
Dose-response relationships for dietary cholesterol and plant sterols (experiments 1 and 2)
Dietary cholesterol supplementation dose-dependently increased serum cholesterol in obese Zucker rats (Fig. 1A) . For a statistically significant effect 1 % dietary cholesterol was required, and there was a strong positive correlation between the food and serum cholesterol concentrations (r 0·742, P,0·001, n 40). Plant sterol supplementation dose-dependently decreased serum cholesterol in obese Zucker rats receiving the 1 % cholesterol diet (Fig. 1B) . For a significant effect, 1 % plant sterol supplementation was required, and 4 % completely prevented the diet-induced increase in serum cholesterol. Serum cholesterol in the group receiving no cholesterol or plant sterols was 3·1 (SE 0·2) mmol/l. There was a strong inverse correlation between the food plant sterol and serum cholesterol concentrations (r 20·692, P,0·001, n 34). The diet containing 1 % cholesterol and no plant sterols produced a higher serum cholesterol level than was observed in experiment 1, but the treatment time was longer (4 weeks) and the rats were older than in experiment 1 (the same rats were used). No changes in general wellbeing of the animals, body weight, weight of internal organs or blood count were observed, even at the highest (4 %) dietary plant sterol level ( Table 1) .
Effects of calcium (experiment 3)
Increase in dietary Ca intake from 0·2 to 0·8 % to 2·1 % dose-dependently decreased the concentrations of serum total cholesterol (r 20·565, P¼0·002, n 27), LDLcholesterol (r 20·538, P¼0·006, n 25) and triacylglycerol (r 20·484, P¼0·014, n 25), and increased HDL-cholesterol (r 0·478, P¼0·016, n 25), HDL : total cholesterol (r 0·672, P,0·001, n 25), and HDL : LDL (r 0·447, P¼0·025, n 25) in rats fed a 1 % cholesterol diet (Fig. 2, Table 2 ). Ca also dose-dependently increased the ratios of two cholesterol precursors to cholesterol : desmosterol : cholesterol (r 0·691, P¼0·003, n 18; Fig. 3 ) and lathosterol : cholesterol (r 0·619, P¼0·011, n 18). Furthermore, Ca dose-dependently increased the ratios of serum plant sterols to cholesterol : campesterol : cholesterol (r 0·812, P,0·001, n 18; Fig. 3) , campestanol : cholesterol (r 0·627, P¼0·009, n 18), sitosterol : cholesterol (r 0·913, P,0·001, n 18) and sitostanol : cholesterol (r 0·646, P¼0·007, n 18). Effects of plant sterols alone and with calcium (experiment 4)
The differences in serum cholesterol between the low-and high-Ca diets were similar to those observed in experiment 3 (Table 3) . Plant sterols during the low-Ca diet produced a 35 % decrease in serum total cholesterol (P¼0·002), a 60 % decrease in LDL-cholesterol (P,0·001) and a 70 % increase in HDL-cholesterol (P¼0·029). Plant sterols during the high-Ca diet increased serum HDL-cholesterol by 40 % (P¼0·001) and markedly improved the HDL : LDL ratio (P¼0·002). Plant sterol supplementation increased the desmosterol : cholesterol and lathosterol : cholesterol ratios during the low-Ca diet (P¼0·008 and 0·011, respectively) but not during the high-Ca diet (P¼0·830 and 0·944). The ratios of serum plant sterols : cholesterol were 3 -9-fold increased in both groups supplemented with plant sterols (P,0·01 for all).
Discussion
The main purpose of the present study was to examine the influence of dietary Ca on serum lipid and cholesterol metabolism. Increasing the dietary Ca intake dosedependently decreased serum total and LDL-cholesterols and triacylglycerols and increased HDL-cholesterol and HDL : LDL. The mechanisms of these favourable effects are not completely understood. Previous studies have suggested that Ca interferes with cholesterol absorption and metabolism by forming non-absorbable chelates with fatty acids and/or bile acids (Yacowitz et al. 1965; Denke et al. 1993; Denke & Grundy, 1995; Holt, 1999) . It is known that saturated fatty acids increase serum cholesterol, and LDL-cholesterol in particular, by inhibiting the receptor-mediated uptake of LDL into liver cells, thereby decreasing the clearance of LDL particles from the circulation (Kris-Etherton et al. 1988; Grundy & Denke, 1990) . Consequently, decreased absorption of saturated fat would lead to a decrease in serum cholesterol, at least LDL-cholesterol. In the present study, however, the fat content of the diets was rather low, and less than half of the fat was saturated. Therefore, mere blockade of fat absorption may not be sufficient to explain all the favourable effects of Ca, and other mechanisms, such as binding to bile acids, must be considered. Some previous studies have shown that Ca increases faecal bile acids 
*P,0·05 v. the low Ca diet group; †P,0·05 v. the moderate Ca diet group. ‡For details of diets and procedures, see p. 240. Fig. 3 . Dose-dependent effects of dietary calcium on (A) serum desmosterol : cholesterol, reflecting endogenous cholesterol synthesis, and (B) serum campesterol : cholesterol, reflecting intestinal absorption of cholesterol, in obese Zucker rats after 8 weeks on the different diets. For details of diets and procedures, see p. 240 (Saunders et al. 1988; Holt, 1999) , while others have reported no changes (Denke et al. 1993 ). We did not measure fat or bile acid excretion, but we did measure the serum levels of the cholesterol precursors desmosterol and lathosterol, which reflect endogenous cholesterol synthesis, and plant sterols, which can be used as markers of intestinal cholesterol absorption (Miettinen et al. 1990; Gylling et al. 1999) . These measurements indicated that Ca dose-dependently increased both the absorption and the synthesis of cholesterol. Nevertheless, at the same time, the serum cholesterol concentration was decreased. This apparently paradoxical effect could be explained by a Ca-induced increase in the excretion of bile acids, which would then lead to increased conversion of cholesterol into bile acids in the liver. This mechanism is known from the lipid-lowering effect of cholestyramine and other bile acidbinding resins (Witztum, 1996) . Enrichment of the high-cholesterol diet with natural plant sterols effectively and dose-dependently lowered the concentration of serum cholesterol in the obese Zucker rats. Previous studies both in animals and in man, using natural plant sterols (Ikeda et al. 1988) or their chemically modified derivatives (Ikeda & Sugano, 1998; Nguyen, 1999; Law, 2000) , have demonstrated that these agents lower serum cholesterol by inhibiting the intestinal absorption of cholesterol (Nguyen, 1999; Law, 2000) . However, owing to the reactive increase of cholesterol synthesis in the liver, only mild lowering of serum cholesterol by plant sterols is achieved (Ikeda & Sugano, 1998) . The important finding of the present study was that, although both Ca and plant sterol supplementations alone had marked effects on serum cholesterols, a further improvement of the serum lipid profile was achieved when Ca and plant sterols were given concurrently. A similar effect was previously observed during a high-fat diet with a combination of plant sterols, Ca and Mg (Vaskonen et al. 2001) . As discussed, plant sterols decrease the intestinal absorption of cholesterol (Jones et al. 1997; Ikeda & Sugano, 1998; Nguyen, 1999; Law, 2000) , and Ca may add to the effect by interfering with the absorption of saturated fat, or (which is even more likely during the low-fat diets of the present study) by binding bile acids.
The manifold serum plant sterol levels in the groups supplemented with plant sterols demonstrate that these compounds, while displacing cholesterol from the micelles, are themselves partly absorbed. Some previous reports have postulated that increased serum plant sterol concentrations may contribute to their cholesterol-lowering effect by modifying hepatic lipid metabolism enzymes (Laraki et al. 1993) , but also concerns about the safety of these steroid hormone-resembling compounds have been raised (Nguyen, 1999) . In the present experiment, no indication of any toxicity of even the highest dietary level of the natural plant sterol composition was found. On the basis of extensive clinical safety evaluation studies, although there is some evidence of lowering of the plasma carotenoid and tocopherol levels, both plant sterols and stanols are generally recognized as safe (Plat et al. 2000) .
A diet containing high levels of cholesterol is a major cause of elevated serum cholesterol in man (Sempos et al. 1993) . Such a diet also produced a substantial increase of serum cholesterol in the obese Zucker rats. This strain has a recessive single-gene mutation that was first described in 1961 (Zucker & Zucker, 1961) and has recently been localized in the extracellular domain of the leptin receptor (Phillips et al. 1996) . The mutation leads to genetic obesity, hyperlipidaemia, insulin resistance and moderate hypertension (Zucker, 1965; Kasiske et al. 1992) , disorders that are also characteristic of the metabolic syndrome in man (DeFronzo & Ferrannini, 1991) . The change of the serum lipid profile in the present study during a low-fat diet, although not as prominent as was found previously with high-fat diets (Vaskonen et al. 2001) , confirms these previous findings and indicates that this animal can be used as a model for studying cholesterol absorption and metabolism. This is important, because rats are usually considered resistant to hypercholesterolaemia and atherosclerotic diseases. The few other suitable rodent models are also mostly corpulent and leptin-resistant (Clark & Pierce, 2000) . Taken together, the present experiments showed that increased intake of Ca during a low-fat, high-cholesterol diet dose-dependently decreased serum total and LDLcholesterol, increased HDL-cholesterol and improved HDL : LDL and HDL : total cholesterol. Ca did not impede the lipid-lowering effects of plant sterols, and even partly augmented the benefits. This was achieved by two different mechanisms of action: (1) a direct inhibiting effect of the intestinal absorption of cholesterol by plant sterols; (2) an indirect serum cholesterol-lowering effect of Ca, probably mediated through increased faecal loss of fatty and bile acids.
